Introduction {#sec1}
============

Integrins are a large family of heterodimeric cell-surface glycoproteins that regulate cell adhesion, migration, proliferation, and apoptosis.^[@ref1]^ Changes in integrin expression and/or function are directly involved in tumor growth, angiogenesis, and metastasis, rendering these receptors promising diagnostic markers and potential therapeutic targets.^[@ref2]−[@ref7]^ Integrin α~v~β~6~ is up-regulated during morphogenesis, tumorigenesis, epithelial repair, and fibrosis of liver tissue.^[@ref8],[@ref9]^ The receptor is not constitutively expressed in normal tissues.^[@ref10],[@ref11]^ Recently, α~v~β~6~ integrin has been shown to be a marker for epithelial-to-mesenchymal transition (EMT) crucial in the development of several types of tumors.^[@ref12]^ Indeed, α~v~β~6~ integrin has been found to be expressed in pancreatic, gastric, lung, duodenal, colorectal, oral, and ovarian cancer, and its expression level is indicative of tumor aggressiveness.^[@ref13]−[@ref21]^ In addition, α~v~β~6~ integrin is a highly specific immunohistochemical marker for cholangiocarcinoma (CC), yielding specificity and a positive predictive value of 100% in differentiating CC from hepatocellular carcinoma (HCC).^[@ref22]^ Considering the aberrant expression of α~v~β~6~ integrin in tumor biology, the development of noninvasive imaging techniques for integrin α~v~β~6~ is needed for better cancer diagnosis, prognosis, and treatment planning.

Several pioneering works have validated α~v~β~6~ integrin as therapeutic and imaging targets.^[@ref23]−[@ref29]^ The monoclonal antibody 10D5 has shown to successfully reduce the metastasis in lung cancers that overexpress α~v~β~6~,^[@ref23]^ and a scFv, B63, has demonstrated the inhibition of α~v~β~6~ mediated cell adhesion.^[@ref24]^ Linear or disulfide cyclized integrin α~v~β~6~ binding peptides such as A20FMDV2 have been discovered and further used to develop positron emission tomography (PET) and single photon emission computed tomography (SPECT) probes.^[@ref25]−[@ref28]^ More recently, cystine knot peptides (also known as knottins) have been developed as a novel class of α~v~β~6~ binders.^[@ref29]^

Knottins are small (3--4 kD) polypeptides with three interwoven disulfide bonds that define the central cysteine knot motif.^[@ref30]^ The cysteine knot motif may help these peptides withstand very harsh chemical, thermal, and proteolytic insults.^[@ref31]^ Knottin family members possess several surface-exposed loops that tolerate sequence diversity and are therefore amenable to directed evolution experiments.^[@ref32],[@ref33]^ In naturally occurring cystine knot peptides (knottins and cyclotides), these looped regions are responsible for a range of biological activities. Cystine knot peptides may be fitted with new bioactivities in these looped regions by rational design and library screening.^[@ref34]−[@ref36]^ Since cystine knot peptides are relatively small, they demonstrate rapid and high tumor uptake as well as rapid clearance from nontargeted normal tissues.^[@ref37],[@ref38]^ Together, these characteristics make cystine knot peptides excellent candidates for diagnostic applications, particularly for tumor imaging, with high potential for clinical translation.

Using yeast surface display and protein engineering technologies, we recently identified and engineered several highly stable cysteine knot peptides, such as S~0~2 and R~0~1, that selectively bind integrin α~v~β~6~ with single digit nanomolar binding affinities.^[@ref29]^ These new binders did not cross-react to related integrins such as α~v~β~5~, α~5~β~1~, or α~v~β~3~. When conjugated with macrocyclic chelator 1,4,7,10-tetraazacyclododecane-1,4,7,10- tetraacetic acid (DOTA) at the N-terminus and labeled with PET radionuclide ^64^Cu, both ^64^Cu-DOTA-S~0~2 and ^64^Cu-DOTA-R~0~1 demonstrated excellent PET images of integrin α~v~β~6~ expressing pancreatic cancer in mice models.^[@ref29]18^*F*-Fluorobenzoate labeled knottins (S~0~2 and R~0~1) also show translational promise for molecular imaging of integrin α~v~β~6~ overexpression in pancreatic and other cancers.^[@ref39]^ Although PET has higher resolution and sensitivity, SPECT has several advantages over PET such as lower cost and more availability. ^99m^Tc is the preferred radioisotope for SPECT applications because of its (1) favorable low-energy γ-emission (140 keV) and 6.02 h half-life, (2) availability from commercial ^99^ Mo-^99m^Tc generators, and (3) low cost. It is considered the workhorse of nuclear medicine. Until now, neither the development of ^99m^Tc-radiotracers for integrin α~v~β~6~ imaging nor the use of ^99m^Tc-labeled knottin probes has been reported. Therefore, in the present study, for the first time, a ^99m^Tc labeled knottin SPECT tracer (S~0~2) for integrin α~v~β~6~ was prepared by conjugation of the knottin with a bifunctional chelate-single amino acid chelate (SAAC) and then labeled with ^99m^Tc (Figure [1](#fig1){ref-type="fig"}). Tumor uptake, biodistribution, and imaging of the resulting SPECT probe, ^99m^Tc-SAAC-S~0~2, were further evaluated in both integrin α~v~β~6~-positive HCC4006 human lung adenocarcinoma and integrin α~v~β~6~-negative H838 human lung adenocarcinoma xenograft mice models.

![Synthetic scheme for ^99m^Tc radiolabeling of SAAC-S02.](mp-2013-00683q_0001){#fig1}

Materials and Methods {#sec2}
=====================

Materials, Cell Lines, and Reagents {#sec2.1}
-----------------------------------

All 9-fluorenylmethyloxycarbonyl (Fmoc) protected amino acids were purchased from Novabiochem/EMD Chemicals Inc. (La Jolla, CA) with the exception of Fmoc-*N*-ε-1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)-3-methylbutyl-[l]{.smallcaps}-lysine \[Fmoc-Lys (ivDde)-OH\], which was purchased from Bachem (Torrance, CA), and Fmoc-[l]{.smallcaps}-Tyr(tBu)-Wang resin, which was purchased from CS Bio (Menlo Park, CA). Phosphate buffered saline (PBS) was from Gibco/Invitrogen (Carlsbad, CA). A single amino acid chelate (SAAC), Fmoc-Lys(DPA)-OH \[(*S*)-2-((((9*H*-fluoren-9-yl)methoxy)carbonyl)amino)-6-(bis(pyridine-2-ylmethyl)amino)hexanoic acid\], was synthesized as previously described.^[@ref40]^ Isolink kits were obtained from Tyco, Inc. (Princeton, NJ). *N*,*N*′-Diisopropylethylamine (DIPEA) were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). All other chemicals were purchased from Thermo Fisher Scientific (Pittsburgh, PA) unless otherwise specified. ^99m^Tc-pertechnetate (^99m^TcO~4~^--^) was purchased from Cardinal Health in Mountain View, CA and obtained from Stanford Nuclear Medicine Clinic. HCC4006 and H838 human lung adenocarcinoma cell lines and BxPC-3 pancreatic cancer cell line were obtained from American Type Culture Collection (Manassas, VA). Human embryonic kidney 293T cell line (HER293) was obtained from frozen laboratory stocks. Nude mice (nu/nu, female 4--5 weeks old) were purchased from Charles River Laboratory (Wilmington, MA).

Reversed-phase high performance liquid chromatography (RP-HPLC) was performed on a Dionex Summit HPLC system (Dionex Corporation, Sunnyvale, CA) equipped with a 170U 4-Channel UV--vis absorbance detector and radioactivity detector (Carroll & Ramsey Associates, model 105S, Berkeley, CA). UV detection wavelengths were set at 218, 254, and 280 nm for all the experiments. Both semipreparative (Vydac 218TP510-C18, 10 mm × 250 mm) and analytical (Dionex Acclaim120 C18, 4.6 mm × 250 mm) RP-HPLC columns were used. The mobile phase was solvent A \[0.1% trifluoroacetic acid (TFA) in water\] and solvent B \[0.1% TFA in acetonitrile\]. Matrix assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) was performed on a Perceptive Voyager-DE RP Biospectrometry instrument (Framingham, MA) at the Stanford Protein and Nucleic Acid Biotechnology Facility (Stanford, CA).

Synthesis of SAAC-S~0~2 Peptide Conjugate {#sec2.2}
-----------------------------------------

An engineered cystine knot peptide S~0~2 containing the sequence GCRSLARTDLDHLRGRCSSDSDCLAECICLENGFCG was synthesized on a CS336 sold-phase peptides synthesizer (CS Bio Co., Palo Alto, CA) using Fmoc-based solid phase peptide synthesis with Rink amide resin (CS Bio Co.) and folded as previously described.^[@ref29]^ For the conjugation reaction, SAAC (0.5 μmol) was activated with 0.5 μmol *O*-(*N*-succinimidyl)-*N*,*N*,*N*′,*N*′-tetramethyluronium tetrafluoroborate (TSTU) in 100 μL of dimethylformamide (DMF) containing 1% DIPEA at room temperature for 1 h. Knottin S~0~2 (0.1 μmol) was reacted with the NHS ester of SAAC with gentle rocking overnight to yield SAAC-S~0~2. The reaction mixture was analyzed and purified by RP-HPLC on a semipreparative C18 column. The flow rate was 3 mL/min, with the mobile phase starting from 95% solvent A and 5% solvent B (0--2 min) to 50% solvent A and 50% solvent B at 32 min. Fractions containing the product were collected (retention time 22.2 min) and lyophilized. The identity of SAAC-S~0~2 was confirmed by MALDI-TOF-MS.

^99m^Tc Radiolabeling {#sec2.3}
---------------------

^99m^Tc labeling was accomplished in two steps using commercially available IsoLink kits. In the first step, \[^99m^Tc(CO)~3~(H~2~O)~3~\]^+^ was prepared. Typically, ^99m^TcO~4~^--^ (740 MBq, 20 mCi) was added to an IsoLink kit, and the mixture was heated in an oil bath at 100 °C for 30 min. The solution was then cooled to 70 °Cand vented, and 1 N HCl was added to neutralize the solution to pH 5--6. In the second step, \[^99m^Tc(CO)~3~(H~2~O)~3~\]^+^ in a sealed vial was mixed with 10 μg of SAAC-S~0~2 (2.4 nmol) heated at 80 °C for 1 h. After the sample was cooled, the reaction mixture was analyzed by RP-HPLC. The ^99m^Tc-complex, ^99m^Tc-SAAC-S~0~2, was then purified by RP-HPLC as described above with the mobile phase starting from 80% solvent A and 20% solvent B (0--2 min) to 60% solvent A and 40% solvent B at 32 min. The eluted fractions containing ^99m^Tc-SAAC-S~0~2 (retention time 22.6 min) were then collected, combined, and dried using a rotary evaporator. The radiochemical purity, defined as the ratio of the main product peak to other peaks, was determined by radio-HPLC to be \>90%. The radiolabeled peptide was reconstituted in PBS (0.01 M, pH 7.4) and passed through a 0.22 μm Millipore filter into a sterile vial for cell culture and animal experiments.

*In Vitro* Stability {#sec2.4}
--------------------

### Serum Stability Assay {#sec2.4.1}

^99m^Tc-SAAC-S~0~2 (1.85 MBq, 50 μCi) was incubated in 500 μL of mouse serum (Sigma, St. Louis, MO) at 37 °C for 6 h. The mixture was filtered through a Microcon YM-10 10 kDa filter (EMD Millipore Corp, Billerica, MA). The samples were analyzed by radio-HPLC under identical conditions used to analyze the original radiolabeled compound. The percent of intact ^99m^Tc-SAAC-S~0~2 was determined by quantifying peaks corresponding to the intact and degraded products. The assays were repeated twice.

### Amino Acid Challenge Assays {#sec2.4.2}

^99m^Tc-SAAC-S~0~2 (1.85 MBq, 50 μCi) was incubated in 500 μL of solution containing [l]{.smallcaps}-cysteine at 1 mM in 10 mM PBS (pH 7.4) at 37 °C for 6 h. The sample was analyzed by radio-HPLC under conditions identical to those used to analyze the original radiolabeled compound. The percent of intact ^99m^Tc-SAAC-S~0~2 was determined by quantifying peaks corresponding to the intact product and to the degraded species. The assays were repeated twice.

Cell Culture and Tumor Xenograft Model {#sec2.5}
--------------------------------------

All of the human lung adenocarcinoma cell lines including HCC4006 (α~v~β~6~-positive) and H838 (α~v~β~6~-negative) and pancreatic cancer cell line BxPC-3 (α~v~β~6~-positive^[@ref29]^) were cultured in RPMI1640 media (Gibco, Carlsbad, CA) supplemented with 10% FBS and penicillin/streptomycin (all from Invitrogen, Grand Island, NY). The human embryonic kidney 293T cell line (HER293, α~v~β~6~-negative^[@ref29]^) was cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco, Carlsbad, CA) with 10% fetal bovine serum (FBS) and penicillin/streptomycin. The cells were expanded in tissue culture dishes and kept in a humidified atmosphere of 5% CO~2~ at 37 °C. The medium was changed every other day. A confluent monolayer was detached with 0.5% trypsin-EDTA in PBS (0.01 M, pH 7.4) and dissociated into a single-cell suspension for further cell culture and assays.

Animal procedures were carried out according to a protocol approved by the Stanford University Administrative Panels on Laboratory Animal Care (APLAC). Female athymic nude mice (nu/nu), obtained at 4--5 weeks of age, were injected subcutaneously in the left shoulder with 5 × 10^6^ HCC4006 or H838 cells suspended in 100 μL of nonserum culture media with 50% (v/v) Matrigel. Mice were used for *in vivo* SPECT/computed tomography (CT) imaging and biodistribution studies when the tumors reached approximately 8 to 10 mm in diameter (4--6 weeks).

Study of α~v~β~6~ Expression in Different Cell Lines {#sec2.6}
----------------------------------------------------

The copy number of integrin α~v~β~6~ expressed on cells was quantitated by a fluorescence activated cell sorter (FACS) using antirat antibody coated Bangs standard beads (Bangs laboratories, IN) following the manufacturer's instructions. After discretizing cells with Trypsin-EDTA, cells (2.5 × 10^5^) were stained with 1:100-diluted mouse antihuman integrin α~v~β~6~ monoclonal antibody 10D5 (Millipore, Billerica, MA) in 100 μL of 0.1% BSA containing PBS (PBSA) for 30 min on ice. After washing, the cells were resuspended in 50 μL of PBSA, mixed with 50 μL of 1:50-diluted rat antimouse IgG-FITC (BioLegend, San Diego, CA) and incubated for 30 min on ice. At the same time, one drop (50 μL) of each Bangs beads was mixed with 50 μL of 1:50-diluted rat antimouse IgG-FITC and incubated for 30 min on ice. After washing, fluorescence mean values of each standard Bangs beads and cells were measured in FACS. The calibration plots of mean values of each Bangs standard beads against antibody binding concentration (ABC) were obtained in an Excel program provided by the manufacturer, and the number of integrin molecules on the cell surface was calculated using these plots.

*In Vitro* Cell Uptake Studies {#sec2.7}
------------------------------

Cell uptake studies were performed as previously described.^[@ref41]^ Briefly, four cell lines (HCC4006, H838, BxPC-3, and 293T) were seeded at a density of 0.1 × 10^6^ per well in 24-well tissue culture plates and were allowed to attach overnight. After gentle washing (3×) with serum-free culture medium, cells were incubated with ^99m^Tc-SAAC-S~0~2 (18.5 kBq, 0.5 μCi per well, in culture medium) with or without an excess amount of unlabeled integrin α~v~β~6~-binding competitor, S~0~2 (0.5 μg/well), at 37 °C for 0.5, 1, 2, 3, and 6 h. Cells incubated with \[^99m^Tc(CO)~3~(H~2~O)~3~\]^+^ (same dose) were used as controls. Cells were then washed three times with chilled PBS containing 0.2% BSA and lysed with 0.5 M NaOH. Cell lysates were collected, and the radioactivity was measured using a gamma counter (PerkinElmer 1470, Waltham, MA). Cellular protein content was determined using a BCA protein assay kit. Cell uptake of ^99m^Tc-SAAC-S~0~2 was expressed as the percentage of added radioactive dose per milligram protein of cell (% AD/mg protein). Experiments were performed twice with quadruplicate wells.

Biodistribution Study and Metabolite Analysis {#sec2.8}
---------------------------------------------

For biodistribution studies, anesthetized HCC4006 and H838 tumor-bearing mice (*n* = 4/group) were injected with ^99m^Tc-SAAC-S~0~2 (1.85 MBq, 50 μCi) via tail vein and sacrificed at 1 and 6 h after injection. Tumor and normal tissues of interest (blood, muscle, heart, liver, lungs, kidneys, spleen, brain, intestine, skin, stomach, and pancreas) were removed and wet weighed, and their radioactivity was measured with a gamma counter. The radioactivity uptake in the tumor and normal tissues was calculated and expressed as a percentage of the injected radioactive dose per gram of tissue (% ID/g). For each mouse, the activity of tissue samples was calibrated against a known aliquot of the radiotracer and normalized to the residual activity present in the tail.

A nude mouse was also injected with ^99m^Tc-SAAC-S~0~2 (7.4 MBq, 200 μCi) via the tail vein and was euthanized at 1 h p.i. Blood was centrifuged immediately after collection to remove the cells. The plasma portion was added with methanol (0.5 mL) with 1% Triton X-100. After centrifuging, the supernatant portion was diluted with solution A (99.9% H~2~O with 0.1% TFA), and centrifuged again at 16,000*g* for 2 min with a nylon filter. The filtrate was analyzed by radio-HPLC under conditions identical to those used for analyzing the original radiolabeled peptide.

Small Animal SPECT/CT Imaging {#sec2.9}
-----------------------------

Small animal SPECT/CT imaging was performed on a combined SPECT/CT scanner for small animals (X-SPECT; Gamma Medica, Salem, NH). Mice bearing HCC4006 and H838 xenografts (*n* = 3/group) were injected via the tail vein with approximately 7.4 MBq (200 μCi) of ^99m^Tc-SAAC-S~0~2. At 1 and 6 h postinjection (p.i.), mice were anesthetized with 2% isoflurane and placed in the prone position near the center of the field of view (FOV) of the scanner. For micro-CT image acquisition, 512 images (170 μm slice thickness) were acquired in 5 min at 0.4 mA and 80 kVp. SPECT was performed using a 1 mm multi pinhole collimator (single head, 360° rotation, 64 projections, 30 s/projection and a 5 cm FOV). CT images were reconstructed by using a cone-beam filtered back projection (FBP) algorithm into a 512 × 512 × 512 matrix with a voxel size of 170 μm. The SPECT images were reconstructed using a 2-dimensional ordered subsets expectation maximization (2D OSEM) algorithm with 8 subsets and 10 iterations into a 60 × 60 × 60 matrix size with a voxel size of 0.946 mm. All data were imported into Amira (Mercury Computing Systems, Chelmsford, MA) for processing and visualization.

Statistical Methods {#sec2.10}
-------------------

All data were presented as the mean ± SD. Means were compared using Student's *t* test. A 95% confidence level was chosen to determine the significance between groups, with *P* values of \<0.05 indicating statistically significant differences.

Results {#sec3}
=======

Chemistry and Radiochemistry {#sec3.1}
----------------------------

Knottin S~0~2 (MW 3871.3 Da) was synthesized, folded, and purified as described previously.^[@ref29]^ S~0~2 was site specifically coupled with SAAC at the N-terminus with a yield of ∼25%. MALDI-TOF-MS analysis of the final products (purity of \>95%, as determined by HPLC analysis) confirmed the absence of starting material and only the expected product. The measured MW (4169.1 Da) of the purified peptide was consistent with the expected MW (4166.7 Da) (Figure [2](#fig2){ref-type="fig"}). SAAC-S~0~2 was then radiolabeled with ^99m^Tc with ∼40% radiochemical yield. After HPLC purification, the radiochemical purity of the resulting labeled peptide was over 90%. A modest specific activity of 14.8 MBq/nmol (0.4 Ci/μmol) of ^99m^Tc-SAAC-S~0~2 was obtained at the end of synthesis (decay-corrected).

![Characterization, stability, and *in vivo* metabolite analysis of ^99m^Tc-SAAC-S~0~2. MALDI-TOF-MS spectra of SAAC-S~0~2 (A) and HPLC chromatogram of purified SAAC-S~0~2 (B). HPLC radiochromatograms of purified ^99m^Tc-SAAC-S~0~2 in PBS (C) and the probe after incubation with cysteine (D and E) and mouse serum (F and G) at 37 °C for 1 and 6 h. Blood was analyzed by radio-HPLC at 1 h postinjection (H).](mp-2013-00683q_0002){#fig2}

*In Vitro* and *In Vivo* Stability {#sec3.2}
----------------------------------

The stability of radiotracers in physiological media is essential for optimal nuclear imaging. Therefore, the *in vitro* stability of ^99m^Tc-SAAC-S~0~2 was assessed for 6 h at 37 °C in mouse serum or in cysteine solutions (transchelation) at pH 7.4, and the results are shown in Figure [2](#fig2){ref-type="fig"}. More than 90% of the radiolabeled complex remained unaltered after 6 h of incubation in mouse serum or in the 1 mM cysteine solution. Moreover, the probe was highly stable in blood and was intact at 1 h postinjection (Figure [2](#fig2){ref-type="fig"}). ^99m^Tc-SAAC-S~0~2 resisted degradation or transchelation, which warrants its further exploration for targeting α~v~β~6~*in vitro* and *in vivo*.

α~v~β~6~ Expression in Cell Lines Tested {#sec3.3}
----------------------------------------

Ten different lung cancer cell lines were evaluated for integrin α~v~β~6~ expression on the cell surface using Bangs calibration standard beads as described above and in the manufacturer's instructions. Nine of the 10 cell lines tested low in integrin α~v~β~6~ (≤100,000 copies per cell), and H838 cells were the lowest (26,000 copies per cell). However, one cell line, HCC4006, exhibited much higher integrin α~v~β~6~ expression (\>600,000 copies per cell) (Figure [3](#fig3){ref-type="fig"}). In unpublished proteomics studies, this same cell line demonstrated more EMT markers than the other cell lines tested here. Since we were looking for integrin α~v~β~6~-high and -low cell lines, we chose HCC4006 and H838, respectively, to fulfill these requirements for *in vivo* validation of the cancer marker and the SPECT tracer under development.

![Integrin α~v~β~6~ expression in different lung cancer cell lines.](mp-2013-00683q_0003){#fig3}

Cell Uptake of ^99m^Tc-SAAC-S~0~2 {#sec3.4}
---------------------------------

Cell uptake assays of ^99m^Tc-SAAC-S~0~2 were performed to evaluate specific α~v~β~6~ targeting. Four cell lines were used. HCC4006 and BxPC-3 both express high levels of integrin α~v~β~6~, whereas H838 and 293T express low and no integrin α~v~β~6~, respectively. Cells were incubated with ^99m^Tc-SAAC-S~0~2 for 0.5 h, 1 h, 2 h, 3 h, and 6 h at 37 °C, compared with the control group incubated with \[^99m^Tc(CO)~3~\]^+^. There were significant differences in cell uptake over time between α~v~β~6~ positive cells and α~v~β~6~ negative cells (*P* \< 0.05) (Figure [4](#fig4){ref-type="fig"}). High accumulation was found in both HCC4006 and BxPC-3 cells, reaching 18.2 ± 0.3 and 17.4 ± 1.4%AD/mg protein, respectively. As expected, low accumulation similar to that of the control groups (cell uptake of \[^99m^Tc(CO)~3~\]^+^) was found in both H838 and 293T cells; 9.2 ± 0.4 and 7.3 ± 0.9%AD/mg protein, respectively, were observed after 0.5 h of incubation. Uptake in HCC4006 and BXPC-3 cells increased to 24.1 ± 4.5 and 24.4 ± 3.3%AD/mg protein, respectively, at 1 h and maintained the same level until the 6 h time point.

![Four cell lines (HCC4006, H838, BxPC-3, and 293T) were incubated with ^99m^Tc-SAAC-S~0~2 (18.5 kBq, 0.5 μCi per well, in culture medium) with or without an excess amount of unlabeled integrin α~v~β~6~-binding competitor, S~0~2 (0.5 μg/well), at 37 °C for 0.5, 1, 2, 3, and 6 h. Cells incubated with \[^99m^Tc(CO)~3~(H~2~O)~3~\]^+^ at the same dose were used as a control. Data are shown as the mean ± SD (*n* = 4). \*\*\**P* \< 0.05 for ^99m^Tc-SAAC-S~0~2 groups relative to blocking groups.](mp-2013-00683q_0004){#fig4}

To further confirm whether the binding of ^99m^Tc-SAAC-S~0~2 with cells was specific for α~v~β~6~, the cells were incubated with solutions containing both ^99m^Tc-SAAC-S~0~2 and excess amounts of unlabeled S~0~2 as the blocking agent. As shown in Figure [4](#fig4){ref-type="fig"}, uptake in both α~v~β~6~ positive HCC4006 and BxPC-3 cells markedly reduced to less than 50% that of being incubated with ^99m^Tc-SAAC-S~0~2 alone (*P* \< 0.05), similar to those of the control group. However, there was no decreased uptake (*P* \> 0.05) observed in H838 or 293T cells (α~v~β~6~ negative). Thus, the unlabeled S~0~2 significantly blocked the binding of ^99m^Tc-SAAC-S~0~2 to α~v~β~6~ positive cells, indicating that the probe specifically targets integrin α~v~β~6~.

Biodistribution Studies with ^99m^Tc-SAAC-S~0~2 {#sec3.5}
-----------------------------------------------

The *in vivo* biodistribution of ^99m^Tc-SAAC-S~0~2 in mice bearing HCC4006 or H838 lung cancers was determined at 1 and 6 h time points after intravenous injection of the probe (Table [1](#tbl1){ref-type="other"}). The normal tissue uptake in mice bearing the HCC4006 or H838 tumor was similar and decreased with time, but the tumor uptake of the HCC4006 xenograft was significantly higher than that of the H838 xenograft, being 2.02 ± 0.44% ID/g and 2.09 ± 0.55% ID/g vs 1.42 ± 0.14% ID/g and 0.79 ± 0.07% ID/g (*P* \< 0.05) at 1 and 6 h after injection, respectively. ^99m^Tc-SAAC-S~0~2 demonstrated better retention in α~v~β~6~ positive tumors compared to that in α~v~β~6~ negative tumors and normal tissue. Higher probe uptake was observed in the kidneys in all mice with a value of 29.7 ± 3.6% ID/g and 17.8 ± 2.5% ID/g in HCC4006 xenograft mice or 27.5 ± 4.1% ID/g and 17.9 ± 4.7% ID/g in H838 xenograft mice at 1 and 6 h, respectively. Accumulation of the probe in the liver was relatively low, with a value of 4.19 ± 0.47% ID/g and 2.04 ± 0.23% ID/g in HCC4006 xenograft mice or 4.02 ± 0.83% ID/g and 2.19 ± 0.41% ID/g in H838 xenograft mice at 1 and 6 h, respectively. These data indicate that the probe is mainly excreted and metabolized by the kidneys. Moreover, ^99m^Tc-SAAC-S~0~2 displayed very low muscle uptake of 0.44 ± 0.12% ID/g and 0.65 ± 0.11% ID/g at 1 h after injection in HCC4006 and H838 xenograft mice, respectively, which decreased to 0.35 ± 0.19% ID/g and 0.34 ± 0.03% ID/g at 6 h after injection. However, the blood clearance of ^99m^Tc-SAAC-S~0~2 was somewhat slow, being 1.94 ± 0.23% ID/g and 1.29 ± 0.32% ID/g in HCC4006 xenograft mice or 2.61 ± 0.23% ID/g and 1.19 ± 0.25% ID/g in H838 xenograft mice at 1 and 6 h, respectively.

###### Biodistribution (Mean ± SD % ID/g) and the Tumor-to-Normal Tissue Ratios of ^99m^Tc-SAAC-S~0~2 in Lung Cancer Models (*n* = 4/Group)

                  HCC4006                                                      H838                                           
  --------------- --------------------------------------------- -------------- --------------------------------------------- --------------
  tumor           2.02 ± 0.44[a](#t1fn1){ref-type="table-fn"}   2.09 ± 0.55̂    1.42 ± 0.14[a](#t1fn1){ref-type="table-fn"}   0.79 ± 0.07̂
  blood           1.94 ± 0.23                                   1.29 ± 0.32    2.61 ± 0.23                                   1.19 ± 0.25
  heart           1.26 ± 0.11                                   0.56 ± 0.09    1.30 ± 0.12                                   0.54 ± 0.34
  lungs           2.15 ± 0.26                                   2.00 ± 0.49    2.89 ± 0.44                                   1.80 ± 0.71
  liver           4.19 ± 0.47                                   2.04 ± 0.23    4.02 ± 0.83                                   2.19 ± 0.41
  spleen          1.31 ± 0.21                                   0.63 ± 0.06    1.29 ± 0.24                                   0.75 ± 0.18
  pancreas        0.78 ± 0.14                                   0.53 ± 0.08    0.69 ± 0.26                                   0.54 ± 0.12
  stomach         13.03 ± 2.49                                  8.69 ± 2.44    14.63 ± 1.18                                  7.97 ± 2.40
  brain           0.09 ± 0.03                                   0.05 ± 0.01    0.09 ± 0.04                                   0.06 ± 0.02
  intestine       1.65 ± 0.36                                   0.66 ± 0.12    1.57 ± 0.47                                   0.64 ± 0.04
  kidneys         29.71 ± 3.56                                  17.89 ± 2.48   27.46 ± 4.09                                  17.88 ± 4.65
  skin            0.93 ± 0.18                                   0.65 ± 0.17    0.61 ± 0.04                                   0.62 ± 0.10
  muscle          0.44 ± 0.12                                   0.35 ± 0.19    0.65 ± 0.11                                   0.34 ± 0.03
  bone            0.54 ± 0.13                                   0.44 ± 0.15    0.64 ± 0.14                                   0.38 ± 0.07
  ratios                                                                                                                      
  tumor/muscle    4.77 ± 1.36                                   6.81 ± 2.32    2.26 ± 0.54                                   2.32 ± 0.13
  tumor/blood     1.04 ± 0.15                                   1.63 ± 0.18    0.55 ± 0.71                                   0.69 ± 0.14
  tumor/liver     0.48 ± 0.06                                   1.02 ± 0.20    0.36 ± 0.07                                   0.37 ± 0.07
  tumor/kidneys   0.07 ± 0.02                                   0.12 ± 0.34    0.05 ± 0.01                                   0.05 ± 0.01
  tumor/lung      0.94 ± 0.15                                   1.06 ± 0.17    0.52 ± 0.11                                   0.49 ± 0.18

*t* = 0.037, *P* \< 0.05; *t̂* = 0.073, *P* \< 0.05.

Tumor-to-background tissue ratios in HCC4006 xenograft mice were higher than those in H838 xenograft mice (*P* \< 0.05, *n* = 4/group). The ratios increased over time for HCC4006 tumor mice but not in H838 xenograft mice (Table [1](#tbl1){ref-type="other"}), suggesting the specific targeting of the probe as well. For example, tumor-to-blood and tumor-to-muscle ratios increased from 1.04 ± 0.15 and 4.77 ± 1.36 at 1 h postinjection to 1.63 ± 0.18 and 6.81 ± 2.32 at 6 h postinjection in HCC4006 xenograft mice, which bodes well for the application of ^99m^Tc-SAAC-S~0~2 as an *in vivo* molecular imaging agent.

Small Animal SPECT/CT {#sec3.6}
---------------------

Representative coronal small animal SPECT/CT images of HCC4006 xenograft mice and H838 xenograft mice (*n* = 3/group) at 1 h after injection are shown in Figure [5](#fig5){ref-type="fig"}. Only the HCC4006 xenograft was visible, and moderate tumor-to-background contrast was achieved, suggesting that ^99m^Tc-SAAC-S~0~2 might be useful for imaging the α~v~β~6~ positive tumor. High accumulation of radioactivity was observed in the kidneys, which confirmed that the probe was excreted by the kidneys.

![Coronal SPECT/CT images of a mouse bearing HCC4006 xenograft (A) and a mouse bearing H838 xenograft (B) at 1 h postinjection of 7.4 MBq of ^99m^Tc-SAAC-S~0~2.](mp-2013-00683q_0005){#fig5}

Discussion {#sec4}
==========

Novel nonimmunogenic scaffold based peptides have increasingly become the focus of attention for molecular probe design and development because of their stable structure, easy synthesis, low cost, site specific labeling, and high affinity targeting to many different cancer markers.^[@ref38]^ Among these, engineered knottins have shown promise in molecular imaging applications. In our previous studies, RGD-containing cysteine knot peptides, based on the EETI-II or AgRP scaffolds, have been used as affinity reagents to deliver contrast agents to tumors in order to evaluate several different imaging modalities.^[@ref37],[@ref42]−[@ref50]^ Recently, a new set of cysteine knot peptides based on MCoTI-II and LCTI-I has been engineered to bind integrin α~v~β~6~ with single digit nanomolar affinities. Biocombinatorial cystine knot libraries displayed on the surface of yeast display were sorted by FACS to generate several bioactive loops that bind integrin α~v~β~6~. One particular activity, "2" (RSLARTDLDHLRGR), was engrafted into several different cystine knot scaffolds with biased amino acid content (R~0~, E~0~ and S~0~).^[@ref29]^ The preliminary small animal PET imaging results showed that S~0~2 and R~0~1 were promising candidates for further explorations.^[@ref29],[@ref39]^ Here, for the first of time, we report the ^99m^Tc labeled knottin S~0~2, ^99m^Tc-SAAC-S~0~2, as a novel SPECT probe for integrin α~v~β~6~ positive tumor imaging. Compared to some other developed integrin αvβ6 targeted PET radiotracers, the ^99m^Tc-probe is cheaper and can be available worldwide. Moreover, it can be easily prepared even in kit form. The easy labeling chemistry and low energy of ^99m^Tc can also reduce the radiation dose to radiochemists and patients.

SAAC is a novel bifunctional chelate constructed from derivatized amino acids modified to provide three donor groups (L3) for chelation to the \[^99m^Tc(CO)~3~\]^+^ core. SAAC derivatives demonstrate facile labeling with ^99m^Tc. ^99m^Tc-SAAC-S~0~2 demonstrates robust stability toward cysteine and histidine challenge, which effectively compete *in vivo* for these ligands.^[@ref51]^ SAAC avoids many problems associated with using sulfhydryl-containing radioligands and chelating agents that do not fully occupy the coordination sites of ^99m^Tc, which results in the formation of unstable complexes. In addition, SAAC may be incorporated into bioactive peptides via standard solid phase peptide synthesis and subsequently labeled with ^99m^Tc and ^186/188^Re.^[@ref52]^ In this work, we chose to couple SAAC onto the S~0~2 peptide in solution via robust TSTU/DIPEA activation and amidation reactions. ^99m^Tc labeling is straightforward with decent radiochemical purity, yield, and reasonable specific activity, suitable for *in vivo* testing. Furthermore, the *in vitro* and *in vivo* stability assays demonstrate that ^99m^Tc-SAAC-S~0~2 is highly stable under different conditions (mouse serum and cysteine challenge, Figure [2](#fig2){ref-type="fig"}), which is consistent with the high stability of knottins reported before.^[@ref31]^

The *in vitro* cell uptake studies show significant differences between α~v~β~6~ positive cells and α~v~β~6~ negative cells (Figure [3](#fig3){ref-type="fig"}). Uptake values in integrin α~v~β~6~ positive cells are also effectively blocked by an excess of unlabeled S~0~2, further confirming the target-binding specificity of ^99m^Tc-SAAC-S~0~2. The pattern of ^99m^Tc-SAAC-S~0~2 in the cell uptake study is consistent with the *in vivo* studies of xenograft models. ^99m^Tc-SAAC-S~0~2 uptake in integrin α~v~β~6~ positive cells reaches a plateau at the 1 h time point and remains almost unaltered to the 6 h time point in integrin positive cells. However, ^99m^Tc-SAAC-S~0~2 uptake in integrin negative cells show significantly lower uptake over the same time. Biodistribution studies revealed persistent radiotracer uptake in integrin α~v~β~6~ positive tumors. Some nonspecific uptake was observed in integrin α~v~β~6~ negative tumors at early time points, but this background effectively cleared over time. Furthermore, moderate tumor/muscle ratios in integrin positive HCC4006 xenograft mice are observed and increased from 4.77 ± 1.36 at 1 h postinjection to 6.81 ± 2.32 at 6 h postinjection, indicating good contrast for tumor imaging. The tumor/muscle ratios in H838 xenograft mice are rather low, which is consistent with the lack of integrin α~v~β~6~ expression in these tumor models. High accumulation of radioactivity was also observed in the kidneys by SPECT at both the 1 and 6 h time points, which confirmed a renal clearance route. Biodistribution studies were in agreement with SPECT studies where good tumor contrast was achieved as early as 1 h post injection. Off target accumulation in the kidney, liver, and gut were also in agreement with SPECT studies. Lastly, the specific cell uptake and tumor targeting ability of ^99m^Tc-SAAC-S~0~2 as verified by cell and animal studies also indicates that SAAC-S~0~2 can endure the labeling and purification conditions and preserve its bioactivity.

Compared to the previously reported PET probe ^64^Cu-DOTA-S~0~2,^[@ref29]99m^Tc-SAAC-S~0~2 demonstrated several positive features such as quick tumor targeting and rapid renal clearance. For example, ^99m^Tc-SAAC-S~0~2 displays kidney uptake similar to that of ^64^Cu-DOTA-S~0~2 (29.71 ± 3.56% ID/g vs 26.53 ± 12.26% ID/g, respectively, at 1 h), suggesting that for the ^99m^Tc-SAAC labeled cystine knot, the reduction in off target radiation exposure bodes well for translation. For other tissues, ^64^Cu-DOTA-S~0~2 exhibits low uptake in blood and liver (0.46 ± 0.18% ID/g and 2.28 ± 0.40% ID/g, respectively, at 1 h) and high tumor/blood and tumor/liver ratio, whereas the blood and liver uptake of ^99m^Tc-SAAC-S~0~2 is quite high (1.94 ± 0.23% ID/g and 4.19 ± 0.47% ID/g, respectively at 1 h), and its tumor/blood and tumor/liver ratios are quite low. The high blood and liver uptake and retention observed is likely attributed to the high lipophilicity associated with the ^99m^Tc(CO)~3~ core, which could slow down the clearance rate of the tracer. This general trend with ^99m^Tc(CO)~3~ appended systems has been observed with other peptides.^[@ref53],[@ref54]^ Moreover, high stomach uptake was also observed, which may be caused by ^99m^Tc(CO)~3~ labeling. The high lipophilicty of the ^99m^Tc(CO)~3~ label could also increase the nonspecific uptake of the probe in the tumor, resulting in a small difference in the uptake between two tumor models (Table [1](#tbl1){ref-type="other"}). These data highlight the necessity of further improving the *in vivo* performance of ^99m^Tc labeled cystine knot peptides. Chelators that are less hydrophobic in addition to different ^99m^Tc labeling methods \[for example,^99m^TcO(V)\] could be explored to develop SPECT probes with better *in vivo* performance.

Conclusion {#sec5}
==========

In this study, we successfully developed a cystine knot SPECT probe (^99m^Tc-SAAC-S~0~2) which allows the imaging of integrin α~v~β~6~ positive tumors. The probe demonstrates integrin α~v~β~6~ target-binding specificity *in vitro* and *in vivo*, and can clearly identify integrin α~v~β~6~ positive tumors in living animals. The initial results for ^99m^Tc-SAAC-S~0~2 are promising so that further development and evaluation as a SPECT agent are warranted for a low-cost integrin α~v~β~6~ imaging option. The cystine knot scaffold appears to be an excellent platform from which to develop SPECT and PET imaging probes for a variety of targets such as integrin family members.
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SPECT

:   single photon emission computed tomography

HPLC

:   high-performance liquid chromatography

SAAC

:   single amino acid chelate

\% ID/g

:   \% injected radioactive dose per gram of tissue

\% AD/mg protein

:   \% added radioactive dose per milligram of protein

p.i.

:   postinjection

FACS

:   fluorescence-activated cell sorter
